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(54) Reconf igurable transceiver for asymmetric communication systems 

(57) A transceiver (5) for an asymmetric communi- 
cation system such as asymmetric digital subscriber 
line (ADSL) includes a configuration register (71) defin- 
ing operation at either a central office (CO) or a remote 

RTSTl 

terminal (RT). The configuration register (71) includes a 
control bit (72) for selecting either CO or RT mode. The 
transceiver (5) includes a signal processing module (70) 
configured according to the state of the control bit (72). 
For example, a digital interface (70) converts transmit miK 
data into transmit symbols and converts received sym- 
bols into receive data. The digital interface (70) uses a 
large memory (158) as a buffer in the transmit path and 
a small memory (160) as a buffer in the receive path in 
CO mode. In RT mode, the digital interface (70) uses 
the small memory (160) in the transmit path and the 
large memory (158) in the receive path. The selective 
configuration allows a single integrated circuit to be 
used in both CO and RT equipment. 
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Description 



Field of the Invention 

This invention relates generally to communications, 
and more particularly, to a transceiver for an asymmet- 
ric communication system. 

Background of the Invention 

In order to make high data rate interactive services 
such as video and internet access available to more 
residential and small business customers, high-speed 
data communications paths are required. Although fiber 
optic cable is the preferred transition media for such 
high data rate services, it is not readily available in exist- 
ing communication networks and the expense of install- 
ing fiber optic cabling is prohibitive. Current telephone 
wiring connections, which consist of copper twisted-pair 
media, were not originally designed to support the data 
rates or bandwidth required for interactive services such 
as video on demand or even high speed internet con- 
nections. Asymmetric Digital Subscriber Line (ADSL) 
technology has been developed to increase the effec- 
tive bandwidth of existing twisted-pair connections, 
allowing interactive services to be provided without 
requiring the installation of fiber optic cable. 

Discrete multi-tone (DMT) is a multi-carrier tech- 
nique which divides the available bandwidth of twisted- 
pair copper media connections into mini-subchannels or 
bins. The DMT technique has been adopted in the ANSI 
# ; T1.413 standard (ADSL standard). In the ADSL stand- 

ard, DMT is used to generate 250 separate 4.31 25 kilo- 
hertz subchannels from 26 kilohertz to 1.1 megahertz 
for downstream transmission to an end user. Likewise, 
DMT is used to generate 26 subchannels from 26 kilo- 
hertz to 138 kilohertz for upstream transmission by an 
end user. The asymmetric transmission protocol imple- 
mented by the ADSL standard requires a higher rate of 
data transmission from a central office to a remote ter- 
minal and a lower rate of data transmission from a 
remote terminal to a central office. As a result, different 
processing sequences are required at the remote termi- 
nal and central office ends. Currently available systems 
utilize printed circuit board designs which are config- 
ured to operate as either a central office end or a remote 
terminal end and may not be used interchangeably as 
an opposite end. Thus, because such separate system 
designs are necessary, these separate systems must 
include separate design overhead,. separate data bases 
and separate firmware files. Furthermore, each of the 
separate data bases, separate designs, and separate 
firmware files must all be designed, produced, and 
maintained with finite resources. 

*i Brief Description of the Drawings 

FIG. 1 illustrates, in block diagram form, an Asym- 



metric Digital Subscriber Line (ADSL) system in 
accordance with the present invention; 
FIG. 2 illustrates, in block diagram form, an ADSL 
transceiver in accordance with the present inven- 

5 tion; 

FIG. 3 illustrates, in partial block and partial logic 
diagram form, the ADSL transceiver of FIG. 2 con- 
figured to operate at a central office; 
FIG. 4 illustrates, in partial block and partial logic 

io diagram form, the ADSL transceiver of FIG. 2 con- 
figured to operate at a remote terminal; 
FIG. 5 illustrates, in block diagram form, the digital 
interface of the ADSL transceiver of FIG. 2; 
FIG. 6 illustrates, in block diagram form, the circular 

75 echo synthesis module of the ADSL transceiver of 
FIG. 2; 

FIG. 7 illustrates, in block diagram form, the fast 
Fourier transform module of the ADSL transceiver 
of the present invention; 

20 FIG. 8 illustrates, in block diagram form, the time 
domain equalization module of the ADSL trans- 
ceiver of the present invention; and 
FIG. 9 illustrates, in block diagram form, the analog 
front-end of the ADSL transceiver of the present 

25 invention. 

Detailed Description of the Drawings 

According to the present invention, an ADSL trans- 

30 ceiver includes a flexible architecture that allows the 
ADSL transceiver to be configured through software so 
that identical hardware blocks may be used to perform 
multiple tasks. Thus, the ADSL transceiver may be con- 
figured through software to operate as either a central 

35 office or a remote terminal without requiring a substan- 
tial amount of added circuitry. Therefore, although the 
ADSL standard requires that a transmission data rate at 
a remote terminal be significantly lower than a transmis- 
sion data rate at the central office, the amount of 

40 processing that is performed at either the central office 
end or the remote terminal end is nearly identical. For 
example, when the central office end is processing data 
provided at a high rate in its transmit path, the remote 
terminal end is processing high rate data in its receive 

45 path. Similarly, when the remote terminal end is 
processing data provided at a low rate in its transmit 
path, the central office end is processing low rate data in 
its receive path. The ADSL transceiver recognizes that 
processing functions in the transmit and receive paths 

so of each of the central office and remote terminal ends 
are similar in nature. Thus, hardware processing cir- 
cuitry designed to accommodate data transmitted and 
received at higher data rates may also be used to han- 
dle data transmitted at lower rates. Stated another way, 

55 an ADSL transceiver according to the present invention 
recognizes that a particular processing function may be 
utilized in either a transmit or receive data path depend- 
ing on whether the ADSL transceiver of the present 
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invention is configured to be the central office or the 
remote terminal end. 

In the illustrated embodiment, the transceiver archi- 
tecture is designed using a digital signal processor 
(DSP) core. It should be noted however that other types 
of processor cores could also be implemented- Accord- 
ing to the present invention, peripheral modules, or 
processing elements, of the transceiver communicate 
with the DSP processor and are implemented as 
peripheral modules to the DSP processor. The DSP 
processor may access each of the peripheral modules 
through a standard memory read/write operation or 
through one of six programmable DMA channels. The 
DSP processor core may be implemented as a core of 
an DSP56301 single chip DSP, which is available from 
Motorola, Inc., of Austin, Texas. 

One of the peripheral modules of the transceiver is 
a host processor interface which allows an external user 
to issue commands to configure the transceiver for 
operation as either the central office or the remote ter- 
minal. Furthermore, the host interface may also be 
accessed by the DSP processor core. It should be 
noted that the firmware required for performing process- 
ing tasks associated with both the central office and 
remote terminal is resident on the single-chip trans- 
ceiver implementation of the present invention. The use 
of both firmware and the recognition that hardware 
resources may be reused allows an ADSL transceiver 
according to the present invention to selectively transfer 
data between the hardware resources and allows mem- 
ory associated with the transceiver to comply with the 
standard set forth in the ADSL standard. 

As previously mentioned, the peripheral modules of 
the transceiver are designed to be configurable by the 
DSP processor core to process tasks as either the cen- 
tral office or the remote terminal. One such peripheral 
module, a digital interface, must be able to communi- 
cate data at both a high rate and a low rate. For a high 
rate data path, large memories are required for frame 
and constellation buffers used therein. Small memories 
are adequate to handle the status storage in a low rate 
data path. Therefore, the digital interface of the present 
invention includes a single large memory and a single 
small memory for a frame buffer, and another large 
memory and a small memory for the constellation 
buffer. When at the central office, the digital interface 
peripheral is configured to have the large memories in 
the transmit path and the small memories in the receive 
path. At the remote terminal, the configuration is 
reversed. A more detailed description of operation of the 
digital interface peripheral will subsequently be pro- 
vided. 

In addition to the digital interface, a hardware fast 
Fourier transform (FFT) module is designed to be able 
to perform both a fast Fourier transform operation and 
an inverse fast Fourier transform operation. When the 
transceiver of the present invention is designed to oper- 
ate as a central office, it is placed in the transmit path 



and is coupled to telephone line 15, and has an output 
coupled to software fitters 22. Both echo canceller 40 
and software filters 22 have outputs coupled to an input 
of software FFT 20. Software FFT 20 has an output cou- 

5 pled to low rate digital interface 1 8. Low rate digital inter- 
face 18 is bidirectionally coupled to small memory 14, 
and has an output for providing a digital output stream. 

Remote terminal 30 includes a software filters block 
32, a software inverse fast Fourier transform (I FFT) 34, 

10 a low rate digital interface 36, an analog and line inter- 
face 38, an echo canceller 40, a small memory 42, a 
large memory 44, a hardware filters block 46, a hard- 
ware fast Fourier transform (FFT) 48, and a high rate 
digital interface 50. Low rate digital interface 36 receives 

is a DIGITAL INPUT STREAM. In remote terminal 30, low 
rate digital interface 36 is bidirectionally coupled to 
small memory 42, and has an output coupled to soft- 
ware IFFT 34. Software IFFT 34 has an output coupled 
to both the software filters 32 and echo canceller 40. 

20 Software filters block 32 has an output coupled to ana- 
log and line interface 38. Analog and line interface 38 is 
bidirectionally coupled to telephone line 15 and has an 
output coupled to hardware filters block 46. Both echo 
canceller 40 and hardware filters block 46 are coupled 

25 to an input of hardware FFT 48. Hardware FFT 48 has 
an output coupled to high rate digital interface 50. High 
rate digital interface 50 is bidirectionally coupled to large 
memory 44. High rate digital interface 50 provides a 
DIGITAL OUTPUT STREAM. 

30 FIG. 2 illustrates an ADSL transceiver 5 in accord- 
ance with the present invention. ADSL transceiver 5 is a 
single integrated circuit which includes a DSP core 60, 
a memory 64, a voltage controlled oscillator (VCXO) 66, 
a host processor interface (HPI) 68, a plurality of DSP 

35 peripherals 69, a digital interface 70, and an analog 
front-end (AFE) 78. Note the terms "analog front end" 
and "analog and line interface" are used interchangea- 
bly in this specification. Digital interface 70 includes a 
configuration register 71 storing a control bit 72 labeled 

40 "CONRT". DSP peripherals 69 are hardware peripher- 
als including a fast Fourier transform (FFT) module 73, 
a circular echo synthesis (CES) module 74, and a time 
domain equalizer (TEQ) module 76. 

DSP core 60 has an input terminal for receiving a 

45 reset signal labeled "RESET". DSP core 60 is bidirec- 
tionally coupled to memory 64 via three dedicated 
buses labeled "PDB", "YDB", and "XDB". DSP core 60 is 
also bidirectionally coupled to a peripheral bus labeled 
"PIO_EB" bus 62. VCXO 66 has an input terminal for 

so connection to a crystal and receives a signal labeled 
"CRYSTAL" thereon. HPI 68 bidirectionally communi- 
cates with an external host processor via a port labeled 
"CONTROL PORT' and bidirectionally communicates 
with digital interface 70. Digital interface 70 bidirection- 

55 ally communicates with external memory via a port 
labeled "INTERLEAVE R MEMORY PORT" and addi- 
tional ports which supply or receive labeled "DIGITAL 
PORTS". DSP core 60 bidirectionally communicates 
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with HPI 68, digital interface 70. FFT module 73, CES 
module 74, TEQ module 76, and analog front-end 78 
via PIO_EB bus 62. Analog front-end 78 provides infor- 
mation via a signal labeled "TXA PORT" and receives 
information via ? siqnal labe'ed U RXA PORT". 

FIG. j ^.w.. . agram form, a configu- 

ration of ADSL transceiver 5 when operating as central 
office 10. When configured as central office 10, ADSL 
transceiver 5 comprises a digital interface 70, a gains 
block 80, an inverse fast Fourier transform (IFFT) 82, a 
clip scale 84, a clip filter 85, cyclic prefix (CP) adder 86, 
a high pass filter/droop correction filter 88. an analog 
front-end 78, a high pass filter 92, a circular echo syn- 
thesis (CES) module 94, an adder 96. an adder 98, a 
time domain equalizer (TEQ) module 100. a fast Fourier 
transform (FFT) module 102, a phase detector 104. and 
a frequency domain equalizer (FEQ) 106. Central office 
10 also comprises a FREC 81 . an IFFT 83, and a scale 
87. 

Digital interface 70 has an output coupled to gains 
block 80 to provide a signal labeled "OUTPUT DATA". 
Gains block 80 has an output coupled to IFFT 82 and 
FREC 81. FREC 81 has an output coupled to IFFT 83. 
IFFT 83 has an output coupled to scale 87. Scale 87 
has an output coupled to adder 98. IFFT 82 has an out- 
put coupled to clip scale 84 and clip filter 85. IFFT 82 is 
coupled to clip scale 84 to implement an IFFT scale fac- 
tor. Clip scale 84 is coupled to scale 87. An output of clip 
filter 85 is coupled to cyclic prefix adder 86 and CES 
module 94. Cyclic prefix (CP) adder 86 has an output 
coupled to high pass filter/droop correction filter 88. 
High pass filter/droop correction filter 88 has an output 
coupled to analog front-end 78. Analog front-end 78 has 
an input for receiving a signal labelled "RXA PORT", an 
output for providing a signal labeled "TXA PORT", and 
an output coupled. to high pass filter 92. High pass filter 
92 has an output coupled to adder 96. CES module 94 
has an output coupled to adder 96. Adder 96 has an 
output coupled to adder 98. Adder 98 has an output 
coupled to TEQ/CP strip module 100. TEQ module 100 
has an output coupled to FFT module 102. FFT module 
102 has an output coupled to both FEQ 106 and phase 
detector 104. Phase detector 104 has an output cou- 
pled to analog front-end 78. FEQ 106 has an output 
coupled to digital interface 70 providing a signal labeled 
"INPUT DATA". 

FIG. 4 illustrates ADSL transceiver 5 configured to 
operate as a remote terminal 30. Remote terminal 30 
comprises a digital interface 70, a gains block 120. an 
inverse fast Fourier transform (IFFT) module 1 22. a clip- 
ping block 124, a CP adder and high pass filter 126, a 
droop correction filter 128. a circular echo synthesis 
(CES) write 130, an FREC 132, a circular echo synthe- 
sis (CES) module 134, an analog front-end 78. a time 
domain equalization (TEQ)/high pass filter module 136, 
a high pass filter and CP stripper 138, adder 142, a fast 
Fourier transform (FFT) module 140, adder 144, and 
frequency domain equalizer (FEQ) 146. 



Digital interface 70 has an output coupled to gains 
block 120 to provide the OUTPUT DATA signal. Gains 
block 120 has an output coupled to IFFT module 122. 
IFFT module 122 has an output coupled to dipping 

5 block 124. Clipping block 124 has an output coupled to 
FREC 132, CES write 130, and cycle prefix (CP) adder 
and high pass fitter 126. CP adder and high pass filter 
1 26 has an output coupled to droop correction filter 1 28. 
Droop correction filter 128 has an output coupled to 

w analog front-end 78. Analog front-end 78 has an input 
for receiving the RXA PORT signal, an output for provid- 
ing the TXA PORT signal, and an output coupled to 
TEQ/high pass filter module 136. TEQ/high pass filter 
module 136 has an output coupled to high pass filter 

75 and CP strip 138. High pass filter and CP stripper 138 
has an output coupled to adder 142. CES write 130 has 
an output coupled to CES module 134. CES module 
134 has an output coupled to adder 142. Adder 142 has 
an output coupled to FFT module 140. FFT module 140 

20 has an output coupled to adder 144. FREC 132 has an 
output coupled to adder 144. Adder 144 has an output 
coupled FEQ 146. FEQ 146 has an output coupled to 
digital interface 70 to provide an INPUT DATA signal. 
FIG. 5 illustrates digital interface 70 in greater 

25 detail. Digital interface 70 generally includes a constel- 
lation circuit 150, a transmit circuit 166, a receive circuit 
168. and a frame buffer circuit 170. Constellation circuit 
150 includes a CONRT bit 72. a multiplexer 156. a mul- 
tiplexer 154, a large memory 158. a small memory 160, 

30 multiplexer 162, and a multiplexer 164. Frame buffer cir- 
cuit 1 70 comprises a multiplexer 1 72, a multiplexer 1 74, 
a large memory 176, a small memory 178, a multiplexer 
180, and a multiplexer 182. 

The INPUT DATA signal is provided to a first input of 

35 multiplexer 156 and a first input of multiplexer 154. An 
output of transmit circuit 166 is coupled to a second 
input of each of multiplexers 154 and 156. CONRT bit 
72 is coupled to an enable input of multiplexer 1 54, mul- 
tiplexer 156, multiplexer 162, multiplexer 164, multi- 

40 plexer 172, multiplexer 174, multiplexer 180, and 
multiplexer 182. An output of multiplexer 156 is coupled 
to small memory 160. An output of small memory 160 is 
coupled to a first input of each of multiplexers 162 and 
164. An output of multiplexer 154 is coupled to large 

45 memory 158. Large memory 1 58 has an output coupled 
to a second input of each of multiplexers 162 and 164. 
An output of multiplexer 162 provides the OUTPUT 
DATA signal. An output of multiplexer 164 is coupled to 
receive circuit 168. Receive circuit 168 is coupled to a 

so first input of each of multiplexers 172 and 174. A 
FRAME INPUT signal is provided to a second input of 
each of multiplexers 172 and 174. An output of multi- 
plexer 1 72 is coupled to small memory 1 78. An output of 
multiplexer 1 74 is coupled to large memory 1 76. An out- 

55 put of small memory 1 78 is coupled to a first input of 
each of multiplexers 180 and 182. An output of large 
memory 176 is coupled to a second input of multiplex- 
ers 180 and 182. The output of multiplexer 182 is cou- 
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pled to transmit circuit 166. An output of multiplexer 180 
provides a FRAME OUTPUT signal. 

FIG. 6 illustrates circular echo synthesis (CES) 
module 74 in greater detail. CES module 74 includes a 
coefficient memory 200, a parameter registers portion s 
202. a command and status register 204, a decode and 
control circuit 206, a present data buffer 208, a subtrac- 
ter 210, a subtract terms buffer 212, a past data buffer 
214, a process control circuit 216, a multiply and accu- 
mulate circuit (MAC) 218, and an output data buffer 220. w 

PIO_EB bus 62 is coupled to coefficient memory 
200, parameter registers portion 202, command and 
status register 204, decode and control circuit 206, 
present data buffer 208 and output data buffer 220. 
Coefficient memory 200 has an output coupled to MAC is 
218. Decode and control circuit 206 has an output cou- 
pled to each of coefficient memory 200, parameter reg- 
isters portion 202, command and status register 204, 
present data buffer 208, and output data buffer 220. 
Parameter registers portion 202 has an output coupled 20 
to process control circuit 216. Command and status reg- 
ister 204 has an output coupled to process control cir- 
cuit 216. Decode and control circuit 206 has an output 
coupled to process control circuit 216. Process control 
circuit 21 6 has an output coupled to present data buffer 25 
208. Present data buffer 208 has an output coupled to 
past data buffer 214 and subtracter 210. Subtracter 210 
has an output coupled to subtract terms buffer 212. 
Process control circuit 216 has an output coupled to 
subtract terms buffer 212 and past data buffer 214. Sub- 30 
tract terms buffer 212 has an output coupled to MAC 
218, and an output coupled to output data buffer 220. 
Process control circuit 216 has an output coupled to 
MAC 218. MAC 218 is coupled to output data buffer 
220. Process control circuit 216 has an output coupled 35 
to output data buffer 220. 

FIG. 7 illustrates fast Fourier transform (FFT) mod- 
ule 73 in greater detail. FFT module 73 comprises a reg- 
ister decode circuit 300, a command and status register 
302, an FFT control circuit 304, an IN register 306, a 40 
transform engine 308. and an out register 310. PIO_EB 
bus 62 is coupled to register decode circuit 300, com- 
mand and status register 302, IN register 306, and out 
register 310. Register decode circuit 300 has an output 
coupled to command and status register 302, FFT con- 45 
trol circuit 304, IN register 306, and out register 310. A 
plurality of outputs of FFT control circuit 304 are cou- 
pled to PIO_EB bus 62. IN register 306 has an output 
coupled to transform engine 308. FFT control circuit 304 
has an output coupled to out register 310 and transform 
engine 308. Transform engine 308 has an output cou- 
pled to out register 310. 

FIG. 8 illustrates time domain equalization (TEG) 
module 76 in greater detail. TEQ module 76 comprises 
a coefficient register 400, an input register 402, a tap 
coefficient memory 404, a multiplexer (MUX) 406, a 
receive sample memory 408, a multiply-accumulate cir- 
cuit (MAC) 410, a process control circuit 412, a decode 
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and control circuit 414, output register 416, and a com- 
mand and status register 418. PIO_EB bus 62 is cou- 
pled to each of coefficient register 400, input register 
402, decode and control circuit 414, output register 416, 
and command and status register 418. Coefficient reg- 
ister 400 has an output coupled to tap coefficient mem- 
ory 404. Tap coefficient memory 404 has an output 
coupled to a first input of MAC 410. Decode and control 
circuit 414 has outputs coupled to coefficient register 
400, input register 402, process control circuit 412, out- 
put register 416, and command and status register 418. 
Input register 402 is coupled to MUX 406. Process con- 
trol circuit 412 has an output coupled to MAC 410. Com- 
mand and status register 418 has an output coupled to 
MUX 406, and output register 416. MAC 410 has an 
output coupled to MUX 406. MUX 406 has an output 
coupled to receive sample memory 408. Receive sam- 
ple memory 408 has an output coupled to a second 
input of MAC 410. 

FIG. 9 illustrates, in block diagram form, analog 
front-end 78 of FIG. 2. Analog front-end 78 includes a 
register 504, an interpolating filter 500, a modulator 
502, a digital-to-analog converter (DAC) 506, an analog 
smoothing filter 507, a driver 508, a programmable 
equalizer (PEQ) 514, an analog-to-digital converter 
(ADC) 512. a decimation filter 513, a register 510, a 
voltage controlled oscillator (VCXO) 518. a clock block 
516, and a register 520. Additionally, analog front-end 
78 is coupled to an external circuit comprising an exter- 
nal line driver labeled "TXLD" 604, a hybrid circuit 606, 
an attenuator 602, a crystal 600, an inductor-capacitor 
high pass (LC HP) filter 608, and a POTS splitter 620. 

PIO_EB bus 62 is coupled to registers 504, 510 and 
520. PIO_EB bus 62 is also coupled to control register 
522. Register 504 has an output coupled to an interpo- 
lating filter 500. Interpolating filter 500 has an output 
coupled to modulator 502. Modulator 502 has an output 
coupled to DAC 506. DAC 506 has an output coupled to 
analog smoothing filter 507. Analog smoothing filter 507 
has an output coupled to driver 508. Driver 508 has an 
output coupled to TXLD 604. TXLD 604 has an output 
coupled to hybrid circuit 606. Hybrid circuit 606 is bidi- 
rectional^ coupled to LC HP filter 608. LC HP filter 608 
is bidirectionally coupled to POTS splitter 620. Hybrid 
circuit 606 also has an output coupled to attenuator 602. 
Attenuator 602 has an output coupled to PEQ 514 of 
AFE 78. PEQ 514 has an output coupled to ADO 512. 
ADO 51 2 has an output coupled to decimation filter 513. 
Decimation filter 513 has an output coupled to register 
so 510. Control register 522 has an output coupled to 
VCXO register 520 and clock block 516. VCXO register 
520 has an output coupled to VCXO 518. VCXO 518 is 
coupled to clock block 516, and crystal 600. Clock block 
516 has outputs for providing clocks to analog and dig- 
55 ital components labeled "ANALOG CLOCKS" and "DIG- 
ITAL CLOCKS", respectively. 
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DESCRIPTION OF OPERATION 

Referring to FIG. 1, ADSL system 1 illustrates the 
required configuration for each of central office 10 and 
remote terminal 30. As previously mentioned, when 
central office 10 is processing data transmitted at a high 
rate in its transmit path, remote terminal 30 is process- 
ing high rate data in its receive path. Similarly, when 
remote terminal 30 is processing data transmitted at a 
low rate in its transmit path, central office 10 is process- 
ing low rate data in its receive path. As functions imple- 
mented in hardware are typically executed more quickly 
than those implemented in software, for optimal speed, 
central office 10 implements selected functions in its 
transmit path in hardware when it is transmitting data at 
a high rate. Similarly, remote terminal 30 will implement 
functions in its receive path in hardware when it is 
receiving data transmitted at a high data rate. When 
remote terminal 30 is transmitting data at a lower rate, 
the functions to be executed in the transmit path may be 
implemented in software. As well, central office 10 may 
also implement functions in its receive path in software 
when data is provided at a lower data rate by remote ter- 
minal 30. The use of hardware functions on data paths 
having high transfer rates and software functions on 
data paths having lower data transfer rates is illustrated 
in FIG. 1. There, the desired implementation of central 
office 10 and remote terminal 30 are illustrated. 

According to the present invention, a single ADSL 
transceiver 5 provides a flexible and configurable circuit 
which may be programmed to operate as either central 
office 10 or remote terminal 30 (as illustrated in FIG. 1), 
ADSL transceiver 5 provides hardware processing 
resources whose inputs and outputs may be selectively 
configured by a user to implement either central office 
10 or remote terminal 30 in an efficient manner. Stated 
another way, ADSL transceiver 5 may be selectively 
configured as either a central office 10 or a remote ter- 
minal 30 and is not required to be exclusively one or the 
other. This selectivity allows a single integrated circuit to 
be designed and manufactured for both CO and RT 
equipment. 

FIG. 2 illustrates ADSL transceiver 5 in greater 
detail. DSP core 60 accesses each of a plurality of 
transceiver peripheral modules via PIO__EB bus 62. The 
pfurality of peripheral modules include host processor 
interface (HPI) 68, digital interface 70, FFT module 73, 
CES module 74, TEQ module 76, and analog front-end 
78. It should be noted that peripherals having additional 
functionality may be added as needed and the present 
invention is not limited to the particular peripheral mod- 
ules disclosed herein. DSP core 60 accesses each 
peripheral module through a standard memory 
read/write operation or through one of six programma- 
ble DMA channels. The DMA channels may be selec- 
tively programmed to access each of the plurality of 
peripheral modules in a different order as required by 
the configuration of ADSL transceiver 5 as central office 



10 or as remote terminal 30. HPI 68 allows an external 
user to issue commands to configure transceiver 5 as 
either central office 10 or remote terminal 30. Once the 
user has configured ADSL transceiver 5 to function as 
s either central office 10 or remote terminal 30. DSP core 
60 selects the appropriate firmware for executing the 
desired function from memory 64 via the program data 
bus(PDB). 

The manner by which transceiver 5 is selected to be 

10 CO or RT may be set by the user through HPI 68, or 
may be auto-configured via twisted pair signal 15 in the 
manner described in copending application attorney 
docket no. SC-90263A. In order to reconfigure trans- 
ceiver 5 to operate as either CO or RT, it is necessary to 

75 drive a control signal to each affected module. In the 
illustrated embodiment, each affected module has a 
configuration register which stores the control bit for that 
module. In other embodiments, however, the trans- 
ceiver may have a global configuration register which 

20 provides the same control signal to each affected mod- 
ule, or other appropriate means such as a dedicated 
pin. As an example, FIG. 2 illustrates configuration reg- 
ister 71 of digital interface 70. Configuration register 71 
stores the CONRT control bit, which when set to a 

25 binary 1 , indicates that digital interface 70 is to operate 
in central office equipment, and when set to binary 0, 
indicates that digital interface 70 is to operate in remote 
terminal equipment. 

Assume the external user desires to configure 

30 ADSL transceiver 5 as central office 10. FIG. 3 illus- 
trates this configuration in greater detail. It should be 
noted that in FIG. 3 all shaded blocks are implemented 
as hardware and all unshaded blocks are implemented 
as firmware. As previously mentioned, the firmware is 

35 stored in memory 64. Digital interface 70 receives a plu- 
rality of serial digital data streams via the plurality of dig- 
ital ports. Digital interface 70 provides those functions 
which are responsible for data transport. Digital data 
may be transported on any one of a plurality of program- 

40 mable bearer channels. The plurality of programmable 
bearer channels are multiplexed together in a data 
buffer where they are synchronized into an appropriate 
one of the plurality of programmable bearer channels as 
determined by the ADSL standard. The framed data is 

45 then subjected to various operations. The data resulting 
from these operations is provided to a constellation out- 
put buffer (not shown in detail herein) as a plurality of 
complex numbers representing DMT tones. The com- 
plex numbers are subsequently transferred via the 

so OUTPUT DATA signal. 

The OUTPUT DATA signal is provided to gains 
block 80. Gains block 80 represents firmware which 
multiplies the data values transferred via the OUTPUT 
DATA signal by a calculated gain value which was previ- 

55 ously computed as the product of three separate values. 
A first value used to generate the calculated gain value 
is a constellation normalizing constant which scales a 
plurality of constellations so that they all have a same 
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average energy. A second value is a fine adjustment 
gain which is computed during initialization as part of a 
bit-loading algorithm. A third value is an equalizer gain 
which appropriately scales the carriers of ADSL trans- 
ceiver 5 to undo the ripple in an analog pass band. The 5 
constellation normalizing constant and the equalizer 
gain are known before initialization begins, and their 
product is used at all times. The fine adjustment gain is 
included in the gain value once steady state transmis- 
sion has begun and is changed only if a bit swapping 10 
operation takes place. 

Gains block 80 provides adjusted data to IFFT 82 
via a DMA channel of DSP core 60. IFFT 82 corre- 
sponds to FFT module 73 of FIG. 2 configured as an 
inverse fast Fourier transform. IFFT 82 subsequently is 
converts the adjusted data values from the frequency 
domain to the time domain. Together, clip scale 84 and 
clip filter 85 provide the necessary limiting of input data 
values to prevent overflow in subsequent operations. It 
should be noted that an IFFT scale factor must be pro- 20 
vided to clip scale 84 to calculate the clip scale value. 
Cyclic prefix adder 86 adds a cyclic prefix to a frame of 
data currently being operated upon. The cyclic prefix 
includes the last 32 samples of the frame which is cop- 
ied and placed at the beginning of the same frame. The 25 
resulting frame is stored in memory 64 of ADSL trans- 
ceiver 5. 

From cyclic prefix (CP) adder 86, the resulting 
frame is provided to High pass filter/Droop correction fil- 
ter 88. Because ADSL transceiver 5 is functioning as a 30 
central office, the High pass filter/Droop correction filter 
88 function is implemented by TEQ module 76 of FIG. 2, 
which receives data via the DMA and performs a high 
pass filter operation using a biquad filter as well as 
droop correction using an FIR filter. TEQ module 76 will 35 
subsequently be described in greater detail in conjunc- 
tion with FIG. 8 below. 

High pass filter/Droop correction filter 88 provides 
an output to analog front-end 78. This is accomplished 
via a third DMA channel of DSP core 60 which moves 40 
the results of the operations executed by TEQ module 
76 to Analog front-end 78 which performs a filtering and 
a digital-to-analog conversion operation to provide an 
analog signal via the TXA PORT. It should be noted that 
when ADSL transceiver 5 is configured as central office 45 
10, the ADSL standard requires that transceiver 5 trans- 
mit data to the remote terminal at a higher rate than the 
remote terminal transmits data back to the central 
office. Furthermore, it should be noted that because 
data is transmitted at the higher rate, where necessary, so 
functions to be executed in the transmit path of central 
office 10 are implemented as hardware (as indicated by 
the shaded boxes). 

Analog front-end 78 receives the analog RXA 
PORT signal. This analog signal is converted by an ana- ss 
log-to-digital converter and the resulting digital signal is 
transferred via a fourth DMA channel to memory 64. 
From there, transceiver 5 implements the remaining 



functions of central office 10 in firmware residing in 
memory 64. First, a high pass filter operation 92 is exe- 
cuted using firmware. Next, adder 96 preconditions a 
resulting signal for the subsequent echo cancellation 
operation. Adder 98 then removes an echo from the pre- 
conditioned signal. Subsequently, TEQ/CP strip module 
100 performs time domain equalization, which shortens 
the response of the channel, and removes the cyclic 
prefix. FFT module 1 02 then performs a translation of 
the signal provided by TEQ module 100 from the time 
domain to the frequency domain. FEQ 106 subse- 
quently performs frequency equalization on the result- 
ing signal to generate the INPUT DATA signal. FEQ 106 
is implemented to undo any magnitude and phase dis- 
tortion the signal may have experienced in the channel. 
Digital interface 70 recovers digital data from the INPUT 
DATA signal which is further operated upon to provide 
data in a framed format. The framed data is subse- 
quently demultiplexed and provided to each of the plu- 
rality of serial digital data outputs provided by the 
plurality of digital ports. 

Transceiver 5 also implements a scheme for echo 
cancellation. FREC 81 receives the adjusted data pro- 
vided by gains block 80 and creates an estimate of the 
echo in the frequency domain. IFFT 83 subsequently 
converts the estimate from the frequency domain to the 
time domain. Scale 87 then scales the time domain esti- 
mate of the echo to match the scaling done in the trans- 
mit path. Scale 87 provides an estimated echo value. 
CES module 94 receives data from clip filter 85 via one 
of the DMA channels of DSP 60. CES module 94 corre- 
sponds to CES module 74 of FIG. 2. CES module 94 
removes the effect of interference in the echo signal. 
The cancellation value generated by CES module 94 is 
subsequently subtracted from a filtered receive signal 
provided by high pass filter 92. The estimated echo 
value provided by scale 87 is then subtracted using 
adder 98. 

A signal generated by FFT module 102 is also pro- 
vided to phase detector 104. Phase detector 104 
derives timing information from a pilot tone of the 
receive signal. This information is then used to lock a 
sampling clock of the analog -to-digital and digitai-to- 
analog converters in analog front-end 78. 

FIG. 4 illustrates ADSL transceiver 5 configured to 
operate as remote terminal 30. When operating as 
remote terminal 30. digital interface 70 provides those 
functions which are responsible for data transport. Dig- 
ital data may be transported on any one of a plurality of 
programmable bearer channels. The data values com- 
municated by the plurality of programmable bearer 
channels are multiplexed together in a data buffer, and 
then synchronized into data transmission frames which 
comply with the ADSL standard. The framed data is 
then subject to various operations. The data resulting 
from these operations is provided in a constellation out- 
put buffer as complex numbers representing DMT 
tones. The complex numbers are subsequently pro- 
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vided to gains block 120. 

Gains block 120 implements a similar function to 
gains block 80 of FIG. 3. Specifically, gains block 120 
adjusts the complex numbers provided by the OUTPUT 
DATA to generate a plurality of adjusted gain values, s 
The adjusted gain values are provided to IFFT module 
122. It should be noted that IFFT module 122 is imple- 
mented in firmware whereas IFFT 82 of FIG. 3 is imple- 
mented in hardware. IFFT module 122 is implemented 
in firmware because when ADSL transceiver 5 is oper- w 
ating as remote terminal 30, the data rate at which it is 
required to transmit information is slow enough to imple- 
ment the transfer function in software. IFFT module 122 
converts the adjusted gain values from the frequency 
domain to the time domain. 15 

Subsequently, the converted values are provided to 
clipping block 124. Clipping block 124 limits the output 
value to prevent overflow in subsequent operations. The 
limited values are then provided to CP adder and high 
pass filter 126 and prepended with a cyclic prefix (CP), 20 
and, unlike high pass filter/droop correction filter 88 of 
FIG. 3, high pass filter 126 is implemented in firmware. 
Again, high pass filter 126 is implemented in firmware 
rather than hardware because the data transmission 
rate required by remote terminal 30 is slow enough to 25 
allow for the use of firmware. The filtered values pro- 
vided by high pass filter 126 are subsequently provided 
to droop correction filter 128. As with high pass filter 
126, droop correction filter 128 is implemented as 
firmware rather than hardware because a lower data 30 
transmission rate is used. Droop correction filter 128 
subsequently provides the corrected, filtered values to 
analog front-end 78 via a first DMA channel of DSP core 
60. Analog front- end 78 performs a filtering operation 
and a digital-to-analog conversion operation to provide 35 
an analog signal via the TXA PORT 

An analog signal is provided to analog front-end 78 
via an RXA PORT. Analog front-end 78 subsequently 
performs an analog-to-digital conversion and provides a 
digital signal to TEQ/high pass filter module 136 via a 40 
second DMA channel of DSP core 60. TEQ/high pass 
filter module 136 corresponds to TEQ module 76 of FIG 
2. TEQ/high pass filter module 136 performs a time 
domain equalization function to shorten a channel 
response of the digital input signal. TEQ/high pass filter 45 
module 136 also performs a high pass filter function. It 
should be noted that TEQ/high pass filter module 136 
and the high pass filter function implemented therein 
are implemented in hardware because they are in the 
receive path of remote terminal 30. As previously dis- so 
cussed, the receive path of remote terminal 30 is 
required to receive data at a highest data transmission 
rate. 

An output of TEQ/high pass filter module 1 36 is pro- 
vided to DSP core 60 via a third DMA channel of DSP 55 
core 60. DSP core 60 performs a second high pass filter 
function in high pass filter 138 and stores a result in 
memory 64. High pass filter 138 is implemented in 



firmware. The output of high pass filter 138 is stripped of 
the cyclic prefix (CP) and provided to adder 142. A 
result of adder 142 is provided to FFT module 140. FFT 
module 140 performs a time domain to frequency 
domain conversion in hardware. It should be noted that 
FFT module 1 40 corresponds to FFT module 73 of FIG. 
2. A result of the operation executed by FFT module 140 
is provided to adder 144 via a fourth DMA channel of 
DSP core 60. An output of adder 1 44 is provided to FEQ 
146 which corrects any magnitude and phase distortion 
the signal may have experienced in the channel. The 
output of FEQ 146 is then sent to digital interface 70. 
Digital interface 70 operates on the input data and pro- 
vides it to a frame buffer. The data in the frame buffer is 
then demultiplexed into the plurality of digital data 
streams provided by the plurality of digital ports. 

As with central office 10, remote terminal 30 imple- 
ments an echo cancellation scheme. To implement this 
scheme, an output of clipping block 124 is converted to 
the frequency domain and FREC 132 generates an 
echo estimate in response thereto. Additionally. CES 
write 130 provides data transferred from memory 64 to 
CES module 134. It should be noted again that CES 
module 1 34 corresponds to CES module 74 of FIG. 2. In 
CES module 134, a cancellation signal is calculated for 
removing the effects of interference from the echo in the 
receive signal. The cancellation signal is subsequently 
subtracted from the received signal using adder 142. 
Additionally, the estimated echo value is subtracted 
from a filtered and demodulated value provided by FFT 
module 140 using adder 144. 

DESCRIPTION OF THE PERIPHERAL MODULES 

Digital interface 70 is illustrated in greater detail in 
FIG. 5. During operation, a user will write the CONRT bit 
72 to indicate whether or not ADSL transceiver 5 should 
operate as a central office or a remote terminal. If ADSL 
transceiver 5 should be operated as a central office, 
CONRT bit 72 is set to a logic level 1 . When the CONRT 
bit 72 is set to a logic level 1 , data transferred via frame 
input signal is provided to multiplexer 172 and multi* 
plexer 174. Multiplexer 172 will not pass the information 
to small memory 178. However, multiplexer 174 will 
pass the information to large memory 1 76. Large mem- 
ory 176 will subsequently provide a corresponding data 
value to each of multiplexer 180 and 182. Again, the 
CONRT bit selectively enables multiplexers 180 and 
182. When so enabled, multiplexer 182 provides data by 
large memory 186 to transmit circuit 166. However, mul- 
tiplexer 180 does not output any data. Transmit circuit 
1 66 passes the data to each of the multiplexers 1 54 and 
156. There, the CONRT bit selectively enables each of 
multiplexers 154 and 156 to provide data to large mem- 
ory 158 and small memory 160, respectively. Because 
the CONRT bit is a logic level 1, multiplexer 154 pro- 
vides the access information to large memory 158. Sub- 
sequently, multiplexer 1 62 provides the data output from 
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large memory 158 as an output data signal. Thus, it is 
illustrated that when digital interface 70 is configure by 
the CONRT bit 72 to operate as a central office, larger 
buffers, large memory 158 and large memory 176, are 
utilized along the transmit path which is the path from 
FRAME INPUT to OUTPUT DATA because ADSL trans- 
ceiver 5 will be required to provide data at a higher 
transmission rate and, therefore, enough data must be 
buffered to provide the output data signal at the required 
transmission rate without waiting. Also, when ADSL 
transceiver is configured to operate as the central office, 
input data is provided at a slower data rate. Therefore, 
only small buffer memories are required and imple- 
mented in the receive path of the digital interface, which 
is the path from INPUT DATA to frame output of the 
present invention. Note that while the digital interface 70 
accesses the CONRT bit directly, a different or mirror 
control register can reside in a peripheral to avoid 
accessing a register over the system bus. 

FIG. 6 illustrates, in block diagram form, circular 
echo synthesis (CES) module 74 of ADSL transceiver 5 
of FIG. 2. CES module 74 performs the time domain 
echo cancellation of ADSL transceiver 5. CES module 
74 removes the effects of the intersymbol interference 
from the echo symbols and makes the echo symbols 
look like a circular convolution of the transmitted symbol 
and the echo channel response. Creating the circular 
convolution is necessary in order to allow further fre- 
quency domain echo cancellation to estimate and 
remove the echo with simple block arithmetic rather 
than long linear convolutions or complex finite impulse 
response (FIR) filter operations. 

In general, CES module 74 inputs the digital trans- 
mit signal and filters this signal in a digital finite impulse 
response (FIR) filter. The coefficients of the filter repre- 
sent the impulse response of the channel, and are esti- 
mated at initialization. The output of this filter is an 
estimate of the echo of the transmit signal reflected 
back into the received signal. By subtracting the output 
of this filter from the received signal, CES module 74 is 
able to construct a more accurate representation of the 
signal sent by the remote station. 

CES module 74 performs different operations 
depending on whether ADSL transceiver 5 is configured 
as CO or as RT. When configured as RT, CES module 
74 interpolates a digital representation of the analog 
transmit signal to provide a digital cancellation signal. 
When configured as CO, CES module 74 performs a dif- 
ferent operation to provide the digital cancellation sig- 
nal. In the CO case, CES module 74 receives a digital 
representation of the analog transmit signal and deci- 
mates said second cancellation signal to provide the 
cancellation signal. In either case, transceiver 5 sub- 
tracts the cancellation signal from the received signal to 
provide a preconditioned version of the received signal 
for echo cancellation. The reuse of the same hardware 
in CES module 74 between CO and RT mode allows a 
significant savings in circuit area. 



In greater detail, CES module 74 is a hardware 
peripheral coprocessor which communicates with DSP 
core 60 over PIO_EB bus 62 through decode and con- 
trol circuit 206. CES module 74 acts as a slave device 

s which DSP core 60 is able to read from and write to. 
Decode and control circuit 206 decodes a 12-bit 
address conducted on PIO_EB bus 62 to recognize 
operations that DSP core 60 conducts with CES module 
74. When decode and control circuit 206 recognizes an 

jo access from DSP core 60. it provides the control signals 
to the other internal blocks of CES module 74 which are 
necessary to load data into the registers or buffers and 
to write data onto PIO_EB bus 62. 

Command and status register 204 provides the pri- 

75 mary mechanism for communication between DSP core 
60 and CES module 74. Command and status register 
204 provides configuration and control bits for CES 
module 74 and contains flags that can be read by DSP 
core 60. The commands include software reset, CES 

20 enable, cyclic prefix indicator, and enable signals for the 
interrupt request that indicates a CES calculation is 
done. 

Parameter registers portion 202 hold parameters 
that CES module 74 uses during its echo cancellation 

25 calculations. The parameters include the amount of 
symbol misalignment, the echo channel impulse 
response length, and certain boundary values to per- 
form the addressing of the data buffers. Parameter reg- 
isters portion 202 are loaded during initialization and 

30 remain static during operation of CES module 74. Coef- 
ficient memory 200 provides buffering for echo channel 
impulse response coefficients. These coefficients are 
determined during the initial training period and loaded 
into coefficient memory 200 by DSP core 60. CES mod- 

35 ule 74 requires samples of the past, present, and next 
transmit symbols in order to perform the time domain 
echo cancellation. These samples must be available 
during the echo cancellation calculations. These sam- 
ples are stored in present data buffer 208 and past data 

40 buffer 214. 

Subtractor 210 takes the difference between a sam- 
ple in past data buffer 214 and the corresponding sam- 
ple in present data buffer 208. The differences, provided 
at the output of subtractor 210, are stored in subtract 

45 terms buffer 212. The subtract terms are multiplied by 
the estimated echo channel impulse response coeffi- 
cients to form the cancellation vector. The multiplication 
and summing operation occurs in MAC 218. which does 
the actual calculation of the cancellation vector ele- 

so ments. Each cycle during the calculation, MAC 218 
reads a subtraction term from the subtract terms buffer 
212 and a corresponding echo channel impulse 
response coefficient from coefficient memory 200. 
Process control circuit 216 is a state machine con- 

55 troller which coordinates all of the functions in CES 
module 74. Process control circuit 216 controls MAC 
218, subtract terms buffer 212. and coefficient memory 
200, to implement the interpolation or decimation 
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required to match transmit and receive sample rates. 
When configured as CO, each transmit symbol contains 
512 samples plus a 32 sample cyclic prefix, while each 
receive symbol contains only 64 samples plus a 4 -sam- 
ple cyclic prefix. Since CES module 74 generates the 
cancellation vector at the highest rate, it contains 544 
samples. CES module 74 thus decimates the cancella- 
tion vector by a factor of eight to match the receive data 
sample rate. CES module 74 accomplishes the decima- 
tion by discarding seven of every eight elements of the 
cancellation vector. Rather than perform all of the calcu- 
lations needed for all the elements of the cancellation 
vector, however, CES module 74 only calculates the 
elements that will be used. 

When configured as RT, each transmit symbol con- 
tains 64 samples plus a 4-sample cyclic prefix. Each 
transmit symbol must be interpolated up to the higher 
rate before the echo cancellation calculation is per- 
formed. This is accomplished by inserting seven zeros 
between each transmit data sample. The result is that 
seven of every eight subtraction terms that are gener- 
ated will be zero. Rather than performing the calcula- 
tions associated with the subtraction terms which are 
zero, CES module 74 only performs the calculations on 
the non-zero terms. 

FIG. 7 illustrates, in block diagram form, fast Fourier 
transform (FFT) module 73 of ADSL transceiver 5. FFT 
module 73 performs forward and inverse transforma- 
tions between the time domain and frequency domain. 
These conversions are necessary to form and interpret 
the complex symbols used in the discrete multi-tone 
(DMT) system of ADSL These transformations are per- 
formed on the asymmetric data which is transmitted at a 
high rate from the CO to the RT Thus, when ADSL 
transceiver 5 is configured as CO. FFT module 73 per- 
forms an inverse FFT operation on a digital representa- 
tion of the analog transmit signal. When ADSL 
transceiver 5 is configured as RT, FFT module 73 per- 
forms an FFT operation on a digital representation of 
the analog receive signal using the same circuitry. 

Command and status register 302 is a unified reg- 
ister for communication between DSP core 60 and FFT 
module 73. Command and status register 302 is only 
connected to the GDB portion of PIO_EB bus 62, Con- 
trol bits in command and status register 302 are pro- 
vided to enable interrupts and DMA requests to DSP 
core 60. Interrupts occur for the input ready, output 
ready, and error conditions. DMA requests occur for 
input and output vector transfer. Command and status 
register 302 also includes bits to indicate the state of 
FFT module 73 to DSP core 60. 

IN register 306 is a 24-bit register which receives 
input data from both the Module DMA Data Bus (MDDB) 
and Global Data Bus (GDB) portions of PIO_EB bus 62. 
This input data is in fractional two*s complement form 
that represent either time domain samples, or frequency 
domain complex samples. In the illustrated embodi- 
ment, FFT module 73 discards the four least significant 



bits to adapt the 24-bit quantity to the 20-bit internal 
size. Out register 310 provides the output of the trans- 
form operation to DSP core 60. The output data is in the 
form of 24-bit fractional two's complement numbers that 

s represent either time domain samples, or frequency 
domain complex samples. FFT module 73 sets the four 
least significant bits to zero to convert the 20-bit internal 
size into the 24-bit external format. 

Transform engine 308 is an arithmetic unit which 

io performs arithmetic and logical operations necessary 
for the FFT and IFFT algorithms. Quadrature amplitude 
modulation involves the multiplication of a complex 
phasor x by a sinusoidal modulation function, such as 
the complex exponential. This modulation function is 

is called the carrier. DMT modulation extends this process 
by taking a vector of complex phasors and performing a 
dot-product of these with a vector of evenly spaced car- 
riers. This DMT modulation is then equivalent to the dis- 
crete Fourier transform (DFT). The DFT is discrete in 

20 both time and frequency. Mathematically, the forward 
complex DFT performs the following calculation: 

X K = Sx n W N nk [1] 

25 where W N = e'i 2rJU , N defines the length of the DFT. and 
the summing interval is from n = 0 to (N - 1). 

The inverse complex DFT, or I DFT, performs the fol- 
lowing calculation: 

30 x n =(1/N)SX k W N - nk [2] 

where the summing interval is from k » 0 to (N - 1). 

FFT module 73 allows configuration as either CO or 
RT by recognizing that the same arithmetic hardware 

35 can be used to perform the calculations of equations [1] 
and [2]. Thus, transform engine 308 includes a register 
file, separate X and Y random access memories 
(RAMs), an arithmetic logic unit, a read-only memory 
(ROM) for storing parameters, a muftiply-and-accumu- 

40 late unit (MAC), a separate accumulator, and a rounding 
function which are used commonly when FFT module is 
configured as either CO or RT, thus saving circuit area 
and allowing transceiver 5 to efficiently implement both 
functions. 

4$ FFT control circuit 304 is a state machine which 
controls the operation of transform engine 308 and out 
register 310. In addition, if a corresponding enable bit in 
command and status register 302 is set, FFT control cir- 
cuit 304 provides the interrupt request or DMA request 

so to DSP core 60 via PIO_EB bus 62. FFT control circuit 
304 starts the transform engine after the input vector 
has been completed. The input vector is received by in 
register 306. FFT control then performs the DFT or 
IDFT as appropriate on that new vector. Finally. FFT 

55 control circuit 304 causes the output of transform 
engine 308 to be written into out register 310, and 
updates command and status register 302, possibly, 
issuing an interrupt or DMA request. FFT control circuit 
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304 continues this writing sequence until the output vec- 
tor is finished, at which time FFT control circuit 304 sig- 
nals that the output buffer is ready. 

FIG. 8 illustrates, in block diagram form, time 
domain equalization (TEQ) module 76 of transceiver 5. 5 
TEQ module 76 includes two flexible filter structures 
that can be used to perform a variety of filtering tasks. 
When transceiver 5 is configured as CO, TEQ module 
76 is placed in the transmit path. DSP core 60 provides 
coefficients to TEQ module 76 to configure the FIR filter to 
to perform roll off compensation for the analog filter. The 
FIR filter compensates for the droop in the transmit 
spectrum caused by the comb filter in the following dig- 
ital-to-analog converter. TEQ module 76 configures the 
biquad filter to operate on the output of the FIR filter. 75 
The biquad filter is an MR filter and DSP core 60 config- 
ures it to operate as a high-pass filter which limits the 
amount of low frequency energy in the transmitted 
ADSL signal. 

When configured as RT, the FIR filter structure is 20 
used to perform a filtering operation that effectively 
shortens the response length of the channel. The short- 
ened length is one greater than the length of the cyclic 
prefix in order to eliminate intersymbol and intercarrier 
interference in the received data. In RT mode, TEQ 25 
module 76 configures the biquad filter to operate on 
input data received from DSP core 60. The biquad filter 
structure also is used in the receive path to implement 
one of the two biquad filters required to remove signal 
energy in the POTS (plain old telephone system) fre- 30 
quency band from the received ADSL signal. 

Command and status register 418 is a unified reg- 
ister for communication between DSP core 60 and TEQ 
module 76. Command and status register 418 is only 
connected to the GDB portion of PIO_EB bus 62. Con- 35 
trol bits in command and status register 418 are pro- 
vided to configure and control the FIR and biquad filters 
and contain status flags that can be read by DSP core 
60. Control information includes software reset, enable 
signals for each filter, enable signals for interrupt 40 
requests or DMA requests to transfer input and output 
data, and an enable signal to allow FIR filter coefficients 
to be loaded into tap coefficient memory 404. 

T EQ module 76 is a hardware coprocessor that 
communicates with DSP core 60 over PIO_EB bus 62. 45 
TEQ module 76 acts as a slave device which is read 
from and written to by DSP core 60. Decode and control 
circuit 414 performs address decoding and handshak- 
ing for received commands. When a command has 
been decoded, decode and control circuit 414 provides so 
the control signals to the other blocks of TEQ module 76 
to operate in the selected mode. Process control circuit 
412 is a state machine controller that coordinates the 
functions in TEQ module 76. Process control circuit 412 
loads the tap coefficients for the filters, receives the 55 
appropriate input data and loads it into receive sample 
memory 408, coordinates the multiply-accumulate func- 
tion in MAC 41 0, and stores the filtered output sample to 



output register 416. 

TEQ module 76 includes several blocks which have 
both FIR and biquad filter portions and these separate 
portions are noted where appropriate. Input register 402 
has a first portion for receiving input data for the FIR fil- 
ter, and a second portion for receiving input data for the 
biquad filter. For each new sample that DSP core 60 
provides to input register 402, TEQ module 76 provides 
one filtered output sample to a corresponding portion of 
output register 416. A first portion of coefficient register 
400 receives and stores an FIR filter tap coefficient 
which is thereafter stored in a first portion of tap coeffi- 
cient memory 404. A second portion of coefficient regis- 
ter 400 receives and stores a biquad filter coefficient 
which is thereafter stored in a second portion of tap 
coefficient memory 404. These coefficients are deter- 
mined during training and in the illustrated embodiment, 
tap coefficient memory 404 stores seventeen 22-bit FIR 
filter tap coefficients and five 22-bit biquad filter coeffi- 
cients. Receive sample memory 408 has a first portion 
for storing the 17 most recent samples of data as they 
are received at input register 402 for use in the FIR filter 
and a second portion for storing the current sample and 
two previously computed intermediate node values for 
use in the biquad filter, MAC 410 includes a single mul- 
tiply-and-accumulate unit, which first multiplies the FIR 
filter coefficients by the corresponding samples and 
accumulates the sum of seventeen multiplications 
before providing the filtered result to output register 416. 
It then multiplies the input data and stored intermediate 
data samples by the five biquad tap coefficients in tap 
coefficient memory 404, and accumulates these prod- 
ucts into the new intermediate and filtered values. The 
result of the biquad filter operation is a filtered sample 
which is provided to output register 416. 

MUX 406 is selectable between CO and RT mode 
to selectively provide alternate sources of input data for 
the biquad filter. When the transceiver is in steady state 
operation and configured as a CO or an RT, the com- 
mand and status register 418 configures MUX 406 to 
select the output of the FIR MAC operation to input to 
the biquad filter portion of receive sample memory 408. 
During training, when configured as RT, the command 
and status register 418 configures MUX 406 to select 
input data received by the biquad portion of input regis- 
ter 402 to input to the biquad filter portion of receive 
sample memory 408. The reconfiguration of the source 
of input data for the biquad filter allows TEQ module 76 
to share resources and transceiver 5 to efficiently oper- 
ate as either CO or RT 

FIG. 9 illustrates, in block diagram form, analog 
front-end (AFE) 78 of transceiver 5. Analog front-end 78 
includes a DAC function which is implemented by inter- 
polating filter 500, modulator 502, DAC 506, and analog 
smoothing filter 507, for use in the transmit path, and an 
ADC function implemented by ADC 512 and decimation 
filter 51 3 for use in the receive path. Analog front-end 78 
is selectively configured to operate differently in either 
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CO or RT mode because of the asymmetric nature of 
the ADSL communication system. There are two 
aspects of this asymmetric nature. 

First, the receive path is relatively high-rate data if 
transceiver 5 is configured as RT, but relatively low-rate s 
data rf transceiver 5 is configured as CO. When config- 
ured as an RT, the receive path of the transceiver uti- 
lizes both second-order stages of the cascaded fourth- 
order sigma-delta modulator to convert the analog data 
to digital data, and the entire decimation filter 513 is w 
used to implement a fifth order decimation on the output 
from the modulators. When configured as a CO, the 
receive path of the transceiver utilizes a single second- 
order stage of the cascaded sigma-delta modulator to 
convert the received analog data to digital data, and is 
only a portion of the decimation filter 513 is used to 
implement a third-order decimation on the output from 
the modulators. 

Second, the RT transmitter requires a different 
interpolator than the CO transmitter. As such, the con- 20 
figuration register value CONRT is used to determine 
what interpolation order should be used. In one embod- 
iment, an interpolation order of three is used when in 
CO mode, and an order of five is used when in RT 
mode. In addition, it would be understood by one skilled 25 
in the art, that the smoothing filter 507 characteristics 
can vary based on whether operating in RT mode or in 
CO mode. 

Control register 522 is a unified register for commu- 
nication between DSP core 60 and analog front-end 78. 30 
Control register 522 is only connected to the GDB por- 
tion of PIO_EB bus 62. Control bits in command and 
status register 418 are provided to select between CO 
and RT modes, to select the oversampling ratio of DAC 
506, to configure PEQ 514, to enable a power cut clip- 35 
ping and impulse approximation clipping algorithms, 
and to enable low power mode. 

VCXO 518 is a pulled-crystal oscillator designed for 
use with external crystal 600. VCXO 518 has a nominal 
frequency which is set by crystal 600 but the frequency 40 
may be "pulled" higher or lower based on the value 
stored in VCXO register 520. The central office crystal 
will lock onto the frequency of the free running crystal at 
the remote terminal. Thus if transceiver 5 is RT, VCXO 
will normally be free running. The output of VCXO 518 45 
is used by clock block 516 to generate both the ANA- 
LOG CLOCKS and the DIGITAL CLOCKS. 

Register 504 stores an input to the AFE 78. The 
interpolator 500 performs a twenty-five times sample 
rate increase when in CO mode, and a 200 times sam- so 
pie rate increase when configured as an RT. When con- 
figured as RT, the interpolator provides a four stage 
cascaded integrated comb (CIC) filter to accommodate 
the high filtering requirements of the RT transmitter. 
When configured as CO, the interpolator only provides ss 
a second-order CIC filter. Preferably, the interpolator 
includes four stages, only two of which are used in CO 
mode. The modulator is a second order sigma-delta 



modulator with a three-bit quantizer. DAC 506 converts 
the 3-bit output of modulator 502 and converts it into an 
analog signal. The analog lowpass filter reduces quan- 
tization noise which modulator 502 has shifted out of the 
passband. Driver 508 is a variable gain driver which in ; 
conjunction with TXLD 604 provides a 20 dBm signal to 
a 200 ohm differential resistive load that is the series 
connection of 100 ohms of source resistance and 100 
ohms of line impedance, assuming a 1:1 transformer is 
used. 

Attenuator 602 is formed with off-chip discrete ele- 
ments and an on-chip variable resistance. The off-chip 
discrete elements include series 1 kilo-ohm resistors in 
series with positive and negative outputs of hybrid cir- 
cuit 606, and a 1 20 nano-farad capacitor in series with a 
20 milli-Henry inductor connected between the positive 
and negative outputs. The on-chip resistance can pro- \ 
vide values of open, 10.6ka 4.8kn, 3.0ka 2.0kO, .... 

200Q, to produce attenuation of OdB, 1.5dB, 3dB 

21dB with the external 1 KQ. resistor pair. PEQ 514 is an j 
analog filter which provides a variable gain and provides | 
a zero in the transfer function if the appropriate bit in j 
control register 522 is set. i 

ADO 512 is a multi-bit, fourth-order sigma-delta j 
ADC which is a cascade of two single bit second-order ; 
loops. When transceiver 5 is configured as RT, ADC 51 2 
uses the whole fourth order modulator, and the output of 
the two cascaded loops are input to a recombination fil- 
ter. When transceiver 5 is configured as CO, however, 
ADC only uses one of the second order loops without ; 
the recombination filter. The output of the modulator is 
decimated in a 28-bit digital CIC filter, which provides a 
large amount of lowpass filtering. Again in CO mode 
ADC 512 uses only a portion of the decimator that ADC 
512 uses in RT mode. The decimator converts the one- 
bit output into 28-bit words, of which the most significant 
24 bits are read by DSP core 60. Register 510 then 
stores the 24-bit word for subsequent reading by DSP 
core 60 via PIO_EB bus 62. \ 

The implementation of the invention described j 
herein is provided by way of example only. However, | 
many other implementations may exist for executing the \ 
functions described herein. While the present invention 
has been illustrated and described with reference to i 
specific embodiments, further modifications and \ 
improvements will occur to those skilled in the art. For \ 
example, the control signal which configures peripheral 
modules in either CO or RT mode may be received and j 
stored in a global register and driven to the peripheral [ 
modules, received at an input pin and driven to the ) 
peripheral modules, or stored locally within a control 
register in each peripheral module. Furthermore, the 
type of signal processing functions which are altered ; 
depending on the selection as CO or RT may vary from 
the examples cited herein. Also, in an actual embodi- 
ment different portions of the signal processing function 
may be implemented by hardware and firmware. It is to j 
be understood, therefore, that this invention is not lim- \ 
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ited to the particular forms illustrated herein and that the 
appended claims cover all modifications that do not 
depart from the scope of this invention. 

Claims 5 

1 . A transceiver (5) for an asymmetric communication 
system, characterized by: 



control means (71) for determining 
whether said first data rate is a first prede- 35 
termined data rate and said second data 
rate is a second predetermined data rate, 
or whether said first data rate is said sec- 
ond predetermined data rate and said sec- 
ond data rate is said first predetermined 40 
data rate; and 

a signal processing module having an 
input coupled to said control means (71) 
and operable in first and second modes in 
response to said control means being in a 45 
first logic state (CO) or a second logic state 
(RT), respectively, 

wherein said transceiver (5) is 
selectively operable at either end of said 
asymmetrical communication link. so 

2. The transceiver (5) of claim 1 wherein said signal 
processing module comprises a digital interface 
(70) which converts said digital transmit signal into 
a plurality of transmit symbols at said first data rate, ss 
and converts a plurality of receive symbols received 
at said second data rate into said digital receive sig- 
nal. 



3. The transceiver (5) of claim 2 wherein said digital 
interface (70) uses a first memory buffer for con- 
verting said digital transmit signal into said plurality 
of transmit symbols and uses a second memory 
buffer which is smaller than said first memory buffer 
for converting said plurality of receive symbols into 
said digital receive signal when said control means 
indicates said first logic state (CO), and wherein 
said digital interface (70) uses said second memory 
buffer for converting said digital transmit signal into 
said plurality of transmit symbols and uses said first 
memory buffer for converting said plurality of 
receive symbols into said digital receive signal 
when said control means indicates said second 
logic state (RT). 

4. The transceiver (5) of claim 1 wherein said signal 
processing module comprises a circular echo syn- 
thesis (CES) module (74) which interpolates a 
transmit signal representation based on the digital 
representation of an analog transmit signal to pro- 
vide a cancellation signal when said control means 
indicates said first logic state (CO), and which gen- 
erates a second cancellation signal in response to 
said transmit signal representation and decimates 
said second cancellation signal to provide said can- 
cellation signal when said control means indicates 
said second logic state (RT), wherein said signal 
processor (60, 62, 64, 66, 68, 70 t 72, 75, 76, 78) 
subtracts said cancellation signal from a receive 
signal representation based on the digital represen- 
tation of an analog receive signal. 

5. The transceiver (5) of claim 1 wherein said signal 
processing module comprises a fast Fourier trans- 
form (FFT) module (73) which performs an inverse 
FFT on a first transmit signal representation based 
on the digital representation of an analog transmit 
signal to provide a second transmit signal represen- 
tation based on the digital representation of an ana- 
log transmit signal when said control means 
indicates said first logic state (CO), and which per- 
forms an FFT on a first receive signal representa- 
tion based on the digital representation of an 
analog receive signal to provide a second receive 
signal representation based on the digital represen- 
tation of an analog receive signal when said control 
means indicates said second logic state (RT). 

6. The transceiver (5) of claim 1 wherein said signal 
processing module comprises a filter, wherein 
when said control means indicates said first logic 
state (CO) said filter filters a first transmit signal 
representation based on the digital representation 
of an analog transmit signal to provide a second 
transmit signal representation based on the digital 
representation of an analog transmit signal, and 
wherein when control means indicates said second 



a transmit port adapted for coupling to an w 
asymmetrical communication link, said trans- 
mit port transmitting data at a first data rate; 
a receive port adapted for coupling to said 
asymmetrical communication link, said receive 
port receiving data at a second data rate; is 
a signal processor (60, 62, 64, 66, 68, 70, 72, 
75, 76, 78) having a data input terminal for 
receiving a digital transmit signal, a data output 
terminal for providing a digital receive signal, 
an input terminal coupled to said receive port, 20 
and an output terminal coupled to said transmit 
port, said signal processor (60, 62, 64, 66, 68, 
70. 72, 75, 76, 78) converting said digital trans- 
mit signal into a digital representation of an 
analog transmit signal having a frequency con- 25 
tent, and converting a digital representation of 
an analog receive signal into said digital 
receive signal according to a frequency content 
of said digital representation of the analog 
receive signal; 30 
said signal processor (60, 62, 64, 66. 68, 70, 
72, 75, 76. 78) characterized by: 
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logic state (RT) said filter filters a first receive signal 
representation based on the digital representation 
of an analog transmit signal to provide a second 
transmit signal representation based on the digital 
representation of an analog transmit signal. 



mined data rate; 

said control bit further determining a 
mode of operation of at least one said digital 
interface (70) and said plurality of signal 
processing peripherals (73. 74, 76). 



7. The transceiver (5) of claim 1 wherein said signal 
processing module comprises an analog front end 
module (78) characterized by: 

10 

an interpolator having an input for receiving a 
first transmit signal representation based on 
the digital representation of an analog transmit 
signal, and an output; and 

an oversampled modulator having an input is 
coupled to said output of said interpolator, and 
an output coupled to said transmit port, 

wherein when said control means indi- 
cates said first logic state (CO) said interpola- 
tor has a first predetermined order and wherein 20 
when said control means indicates said second 
logic state (RT) said interpolator has a second 
predetermined order. 

8. A transceiver (5) for an asymmetric communication 25 
system, comprising: 

a transmit port adapted for coupling to an 
asymmetrical communication link, said trans- 
mit port transmitting data at a first data rate; 30 
a receive port adapted for coupling to said 
asymmetrical communication link, said receive 
port receiving data at a second data rate; 
an internal bus (62); 

a data processor (60) coupled to said internal 3s 
bus (62) for accessing memory locations via 
said internal bus (62) in response to a program; 
a digital interface (70) coupled to said internal 
bus (62) which processes a digital transmit sig- 
nal into a plurality of transmit symbols at said 40 
first data rate, and processes a plurality of 
receive symbols received at said second data 
rate into a digital receive signal; 
a plurality of signal processing peripherals (73, 
74, 76) coupled to said internal bus (62), 45 
wherein said data processor in conjunction with 
said plurality of signal processing peripherals 
processes said plurality of transmit symbols 
into a digital representation of an analog trans- 
mit signal, and processes a digital representa- so 
tion of an analog receive signal into said 
plurality of receive symbols; and 
a control means (71) for indicating whether 
said first data rate is a first predetermined data 
rate and said second data rate is a second pre- 55 
determined data rate, or whether said first data 
rate is said second predetermined data rate 
and said second data rate is said first predeter- 



9. The transceiver (5) of claim 8 wherein said data 
processor (60) further characterized by: 

an analog front end module (78) having an 
input terminal coupled to said receive port, an 
output coupled to said transmit port, and a bi- 
directional terminal coupled to said internal 
bus. wherein said analog front end module (78) 
processes the digital representation of an ana- 
log transmit signal into an analog transmit sig- 
nal, and processes an analog receive signal 
into the digital representation of the analog 
receive signal. 

10. The transceiver (5) of claim 8 in which each of said 
plurality of signal processing peripherals (73, 74, 
76) having a control means for indicating whether 
said first data rate is a first predetermined data rate 
and said second data rate is a second predeter- 
mined data rate, or whether said first data rate is 
said second predetermined data rate and said sec- 
ond data rate is said first predetermined data rate. 
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